Abstract. The main objective of this paper is to present the modelling and performance of a synchronous generator connected to a distribution system to study the impacts of the expansion of distributed generation. Computer models for synchronous machine and its speed governor and voltage regulator were developed in the Alternative Transients Program (ATP) in its interface called ATPDraw. The implementation of such modelling has been developed in order to meet the requirements of companies in the energy sector, as well as to make a visual interface of easy understanding. To validate these modelling, some performance studies are realized for the synchronous generator of an Independent Power Producer (IPP) connected to the distribution system. The roles played by the speed governor and voltage regulator are highlighted when a severe contingency such as a three phase short-circuit occurs in the system.
Direct axis subtransient reactance(pu), x" q Quadrature axis subtransient reactance (pu), x 0 Zero sequence reactance(pu), T' d0 Open-circuit direct axis transient time constant (s), T' q0 Open-circuit quadrature axis transient time constant (s), T" d0 Open-circuit direct axis subtransient time constant (s), T " q0 Open-circuit quadrature axis subtransient time constant (s), P Number of poles, f Frequency (Hz), ω s Synchronous speed (rad/s). G Gain of flyball T fb
Time constant of flyball, T 1 First time constant of control system, T 2 Second time constant of control system, T 3 Third time constant of control system, T 4 Departure time constant of water (hydraulic turbine), T 5 Time constant of hydro/thermal turbine.
Introduction
Renewable energy sources will increasingly play a more relevant participation in the global energy matrix in the coming decades. The need to increase the energy supply reliability and the growing concern about environmental and social issues and also reducing dependence on fossil fuels contribute to global interest in sustainable solutions through the generation of energy coming from clean and renewable sources. In this context, Brazil stands out due to its leadership in key negotiating fronts to increase the use of renewable sources of energy [1] . [1] . This initiative aims to promote the diversification of the Brazilian Energy Matrix, increasing the share of electricity generated by projects based on wind power, biomass and small hydropower in the National Interconnected System-SIN ("Sistema Interligado Nacional") [2] . The energy generated by the projects contracted under PROINFA will be acquired and marketed by the Brazilian utility company -Eletrobras -for a period of 20 years [3] .
As a result of this change, the number of distributed generators connected directly to distribution grids is growing. Therefore, simple and didactic computational tools become necessary to simulate the behaviour of the electrical system considering the inclusion of distributed generators, both in steady state as under disturbances, and also to analyse the impact of the connection of these new energy sources.
Some papers have been published on the modelling and simulation of distributed generators connected to the electrical system [4] , however, in this case, the representations that have been employed are typically implemented within more extensive programs in the form of cards (codes). Due to the inherent complexity of some programs, this paper presents computational models of speed governors and voltage regulators developed in the ATPDraw environment through specific icons. Such modelling allows the user to easily change the parameters of the system components to be simulated, besides being a friendly interface. It is noteworthy that the software ATP, together with its ATPDraw interface, are a computer simulation package which enables time domain transient phenomena analyses. ATP is costless and widely used in the companies of the energy sector.
The prime mover that drives the synchronous machine is fed with steam from burning waste (pulp and peel) of sugarcane in many Brazilian industries whose main objectives are the production of sugar and alcohol. Thus, the electricity generated by the industry is used to attend the both the local load and the distribution grid. Every company working in this manner (selling energy to the utility) is referred to as an Independent Power Producer (IPP) of a distributed generation system.
Within this context, it is simulated a three-phase shortcircuit at the Point of Common Coupling (PCC) with the local power utility in order to verify aspects related to power quality and stability, since the usually related problems found in the transmission system can also occur throughout the distribution. Furthermore, it will be analysed the influence and importance of speed governor and voltage regulator during the system response to the applied contingency.
Therefore, this paper aims firstly to show the models for the synchronous machine and its associated controls which are developed and implemented in ATPDraw, the visual interface of ATP program. Secondly, the efficiency and importance of synchronous machine controls are investigated with the computer simulations here presented.
System modelling

A. Synchronous Generator
The generator of the independent producer was modelled according to the ATP model of synchronous machine referred as SM 59 type controlled. The equations used to represent the synchronous machine in ATPDraw are based in references [5] , [6] . The oscillation equation that governs the movement of the machine is indicated in (1):
The moment of inertia of the synchronous machine at the rated speed is given by equation (2), followed by the equations of kinetic energy (3) and mechanical angular speed (4):
B. Voltage Regulator
The voltage regulator is based on the model recommended by IEEE, called Type I [7] , [8] . Figure 1 shows the block diagram for this regulator. 
C. Speed Governor
The speed governor was implemented according to the simplest IEEE model [7] , [8] . Figure 2 shows the block diagram for such control associated with a steam turbine.
For the modelling of the regulators and the synchronous generator it was used the DBM ("Data Base Module") of ATP. This function allows one to create a library of models, facilitating and improving the use of the program in various simulations.
The DBM function allows the creation of a module, comprising one or more components, for the implementation of the file being simulated. According to the mentioned parameters, specific modules were created to represent the synchronous machine, voltage regulator and speed governor. It is used the ATP programming routine called Transient Analysis of Control Systems -TACS [9], which allows implementing the machine and its controls in the form of block diagrams.
Afterwards, each developed model was associated with an icon to give a visual representation of a particular component in order to be used in the ATP program through the interface ATPDraw. Thus, Figure 3 shows the icons embedded to the implemented devices. 
D. Electrical System
The electrical system used in conducting the case studies is based on the single line diagram taken from [4] , which portrays a distribution system connected to the independent producer through an interconnection breaker and an isolation transformer [10] , as shown in Figure 4 . Table I shows the synchronous machine parameters of the IPP generator. Table I Table II shows the active and reactive power generated by the local power utility (G 1 -infinite bus) and the Independent Producer machine (G IPP ). 
Simulations and Results
In order to understand the influences of the expansion of distributed generation in the operation and design of systems for power distribution, the analysis proceeds to the following case study: three phase short-circuit at busbar3 -the Point of Common Coupling (PCC) between electric distribution system and the Independent Power Producer.
A. Case Study: Three-Phase Short-Circuit at PCC
The study will be performed according to reference [10] , whose recommendation for the occurrence of a fault in the network is that the IPP generator should be removed from the system within a maximum time of 8 cycles. Thus, it will be analysed the behaviour electric system under such disturbance.
The three phase short-circuit at busbar 3 (PCC) occurred at time t = 2 s, and it was removed from the system at time t = 2.133 s. Figure 5 shows the voltage behaviour at busbar 3. It is observed the voltage interruption during only 133 ms (approximately 8 cycles), a maximum period allowed for the disturbance in the system [10] . After fault removal, the voltage returns back to its pre-fault steadystate value of 1.05 pu. Figure 6 shows a voltage sag on busbar 4 (IPP generator), due to its proximity to the busbar 3 (PCC). The voltage value decreases reaching 0.21 pu, and, after removal of the short-circuit, it stabilizes at 1.001 pu. This fact is reflected in the quality of power experienced by the local load of Independent Producer. This result is important for some electrical loads such as computer and microprocessor based devices. If they are able to withstand this short duration voltage variation, they will be restarted due to their operating curves described by Computer Business Manufacturer Association -CBMA [11] .Because of the fault the synchronous machine voltage regulator acts on the excitation field (see Figure 7 ) which increases its voltage so as to rise the value of the generation busbar voltage. Notice that the maximum field voltage value reached was 1.1437 pu. The frequency behaviour of the IPP generator is illustrated in Figure 8 . Immediately after the short-circuit, the frequency of the generator increases reaching a peak value of 60.829 Hz. After removal of the fault, the frequency oscillates and then damps achieving 60 Hz at time t = 3.5 s. According to reference [10] , the IPP shall provide an automatic means of disconnecting its generating equipment for over and under frequency situations. The equipment must be disconnected within 0.5 seconds for a frequency of 60.5 Hz and within 1.0 second for a frequency of 58.0 Hz. No under frequency tripping shall take place between 60.0 Hz and 58.0 Hz. In the case studied, Figure 8 shows that the frequency was kept above 60.5 Hz for only 0.088 s and it did not decrease below 58 Hz. Therefore, both the under and over frequency protection will not actuate.
Fig. 8.Frequency at busbar4 (IPP generator)
After the applied short-circuit, the synchronous generator increases its rotation speed, reaching a peak value of 191.22 rad/s, which is caused by the difference between the mechanical and electrical powers, as shown in Figure  9 . Thus, by observation of Figure 10 , it can be concluded that the machine speed governor senses it speed variation and acts in order to reduce the mechanical power used to drive the turbine-generator unit. Since machine oscillations usually found in the electric power system under disturbances can also occur in the distributed generation networks, it is also important to study the stability of such reduced systems. According to reference [13] , increased integration of distributed generation can significantly affect all types of stability: frequency, voltage and rotor angle. Thus, it will be investigated the rotor angle stability of IPP synchronous machine.
Immediately after the short circuit, the synchronous generator senses such disturbance due to the rise of current, as shown in Figure 11 . A peak of current is observed in the early cycles of fault, mainly due to the subtransient reactance of the generator. During the short circuit period, there is a difference between mechanical and electrical power, resulting in an accelerating power (or accelerating torque) that makes the mechanical rotor speed and angle of the synchronous machine to go up [12] . Thus, the rotor angle increases as a function of this acceleration, reaching a peak value of 40.175°, as shown in Figure 12 . With the removal of the short circuit in 2.133 s, the rotor angle has a damped transient, and again settles into its pre-fault value, thus ensuring the system stability. 
Conclusions
Due to the increase in generation energy coming from clean and renewable sources, it is extremely important to analyse the impact of the connection of these new sources of energy to the electric distribution system. Thus, this paper has contributed to computational modelling of synchronous generator and its speed governor and voltage regulator in ATP/ATPDraw program. It was presented the methodologies and procedures adopted to perform those tasks, using the TACS routine and DBM function.
All the simulated devices have now a specific icon and can be easily manipulated by computer users. The individuality of each model allows its independent use anywhere in the system. To validate these modelling it was conducted a performance analysis of the synchronous generator connected to the Independent Power Producer distribution system, and the system behaviour was analysed after a balanced three-phase fault was applied.
Such type of disturbance produced a voltage sag that could damage the electrical system equipment. It is observed a tendency of the independent producer machine to accelerate, which could lead to system instability. However, the short-circuit was applied to the system for only during 133 ms. And after its removal, the generator was submitted to a damped oscillatory transient, maintaining system stability. The presence of the Independent Power Producer generator with voltage regulator and speed governor had a significant influence in the behaviour of the system when facing this disturbance. The machine controls acted to ensure the continuous supply of energy, and at the same time, respecting certain standards of quality, which basically consist in maintaining the frequency and voltage within certain limits.
Therefore, it is essential to analyse the impact that the inclusion of distributed generators can cause into the system so that it can attend consumers with an adequate standard of power quality. Therefore, it is important to emphasize that a correct and efficient modelling of this regulator and its associated speed governor also with appropriate adjustments to its controls are essential factors for the efficient and adequate operation under such a contingency that could happen in any medium voltage distribution system.
